The temperature interval in which steel may show a fairly abrupt change from ductile to brittle behavior has been quantitatively specified in terms of the (Hall-Petch) stress-grain size parameters already reported in the literature from tests at various temperatures and strain rates. The transition in behavior depends in an important way on each one of all the stress components normally combined in a single yield stress or fracture stress measurement.
Introduction
For steel, it has been shown experimentally that the bx~ittle fracture stress, ac, and the ductile yield stress, ay, obey the following 1-5 (Hall-Petch) stress-grain size relationships , a = a square root of grain size), £ is the average grain diameter, a *is the 0 y temperature independent contribution to the yield stress intercept, a' is the exponential temperature coefficient of the temperature-sensitive part B1 of the yield stress, B is the stress intercept of this yield component at 0 K, T is the absolute temperature and k is the stress concentration rey quired at the tip of a slip band for initiating further plastic flow. 6 A previous analysis also showed that a hypothetical ductilebrittle transition temperature, T c might be directly specified by equating a and a to obtain, from equations (la) and (lb), the following expression: The experimental situation has been extensively investigated by 7 Hahn et al.
and is indicated in Figure 1 . Here, the tensile yield stress is represented at high temperature by the solid curve which rises over a substantial range of temperature as it decreases, until, at T , the yield stress intersects a fracture stress curve which is essentially independent of temperature. A complicating feature shown in Figure 1 , and which will be discussed subsequently, is that, for large grain size specimens, at least, the ductile fracture stress curve, shown as the solid curve above the yield stress, may intersect this curve at a higher temperature, TDC Between Tc and T DC, the yield stress and the tensile fracture stress are very nearly coincident. For small grain sizes, the ductile fracture stress is represented by the dashed curve originating at T and extending to C higher temperatures. Below Tc, the yield stress continues to increase as the temperature decreases (the extrapolated dashed curve), as may be verified by testing in compression .8
The analysis leading to equation (2) has a similar basis to that proposed by Cottrell9 and Petch for the same phenomenon. Some differences do exist. The stress-grain size analysis gives a form of T which is com- has calculated the value of kc from dislocation theory and the result for several metals, particularly, iron, is in agreement with experiment.
The purpose of the present investigation is to further elaborate on the features of specifying the ductile-brittle transition, principally, on the basis of equation (2). In Figure 2 , the yield stress in compression equals the fracture stress in tension only for a small range in temperature centered on T c, although this temperature range increases as T cincreases. As indicated in Table I .015
The Yield Stress and the Fracture Stress
As will be described in the following discussion, the influence of E on T is an important factor to be taken into account for a proper c evaluatiob of the transition temperatures measured by the standard procedure of Charpy v-notch impact testing.
The Variation of T with Grain Size and Type of Test

C
Strengthening a steel by refining its grain size is doubly important because, in addition to raising the values of a and a , the value of T is lowered.
C Figure 4 shows the variation of Tc with Z-1/2 for the steels listed in Table I . Curve (a) represents the lower limit of (6) using only the value of 81
given in Table I (1), the effective strain rate is large compared to that encountered in conventional tensile testing, as mentioned earlier; and, (2), the inhomogeneous stress system requires consideration of a "plastic constraint factor"'17 to account for an increase in yield stress due to the localized deformation which is forced to occur at the specimen notch.
The strain rate and the plastic constraint both contribute to an increased yield stress. Cottrell 9 has discussed this second consideration and he accounted for it in estimating Tc by raising ay by a constant factor. For the Charpy test, then, in the simplest approximation, ac may be equated to aay, so that
c y 0c 0y and
where the value of 81 is appropriate to the effective strain rate.
The value of a which is chosen is very important; Hill 1 7 predicted 1 < a < 2.6 whereas Cottrell took a = 3. For the present analysis, a value of a = 2 was chosen to give reasonable agreement between equations (7) and (8) and, for C1/2 17.4 cm-1/2 (7) gives T = 260 0 K. Curve (c) in Figure   C 4 and the dotted curve in Figure 5 represent the values of (7) and (8) calculated The dependence of Tc on a0 is greater as the grain size y increases but this dependence is complex as may be shown by differentiating equation (7) has shown experimentally that
and it is interesting to inquire about the'relative values of a and of kf that would be needed to explain the trend measured by Hahn et al.
For the present consideration, (11) is assumed to apply for the true ductile fracture stress values taken at the varying strains occuring in specimens having different grain sizes.
The influence of an increasing strain to fracture with decreasing grain size on the results of Petch is to suggest that the inequalities should hold: a < a of oc and kf > k . Further, it may be seen by comparing af, ac, and a versus f c y 1/2 that these inequalities must obtain for (T c-T c) to increase with
Both inequalities are significant. The first one, C°f < a°0, may be taken to imply that ductile cleavage requires a propagation stress for an existing cleavage crack because, in the limiting case, a 0 should be nearly zero.
A reasonable interpretation of of the second inequality is that for ductile cleavage, crack propagation 
